The identification of odour active sulphur and nitrogen compounds formed during the processing of dry fermented sausages was the objective of this study.
Introduction
The use of one dimensional gas chromatography mass spectrometry (GC-MS) is common to elucidate sausage aroma although the low concentrations of volatile sulphur and nitrogen compounds in meat products, which are in the ppb to ppt range, (Thomas, Mercier, Tournayre, Martin & Berdagué, 2014) require the use of highly sensitive and selective detectors such as flame photometric (FPD), pulsed flame photometric (PFPD), sulphur chemiluminescence (SCD), nitrogen-phosphorus (NPD) or olfactometry (O) detectors. However, the identification of the volatiles can be a laborious task since co-elution of the compounds of interest is common in complex food matrices. A strong tool to achieve a high separation and identification of compounds is two dimensional GC with mass spectrometric detection (heartcutting 2DGC and comprehensive 2D-GC). Nevertheless, the selection of a suitable technique for the extraction of the volatiles is a crucial point, as the obtained aroma profile is highly dependent on this technique. In this sense, the use of solvent assisted flavour evaporation (SAFE) is regarded to be a good choice to enrich the compounds at trace level such as volatile sulphur and nitrogen compounds (Engel, Bahr & Schieberle, 1999) .
Traditional fermented sausages are dried for long ripening periods during which a high number of microbial and chemical reactions take place and the typical sausage flavour is developed (Toldrá, Sanz & Flores, 2001) . Fermented sausage flavour is produced by a high number of volatile compounds. Volatile sulphur and nitrogen compounds play a crucial role in the formation of sausage aroma due to their low odour threshold values and their characteristic olfactive notes (Stahnke, 2002) . During meat cooking the high temperatures favour the formation of volatile sulphur and nitrogen compounds (Mottram, 1998) leading to a volatile profile completely different to that reported for the dry-ripening process of meat where low temperatures are applied. Recently, several sulphur containing odorants have been identified in cooked ham and linked to the thermal degradation of thiamine (Thomas et al, 2014) . In dry fermented sausages, several odour notes such as onion, roasted nuts, meat broth, rotten egg, cabbage, popcorn, fried snacks or chocolate have been reported, giving rise to the assumption that sulphur compounds play a significant role in flavour formation, even though only a few of them could be identified in previous studies (Corral, Salvador & Flores, 2013; Gianelli, Olivares & Flores, 2011; Olivares, Navarro & Flores, 2011) . In addition, it was revealed that these notes were crucial to achieve the aroma of fermented sausages in aroma reformulation studies (Corral, Salvador & Flores, 2015; Söllner & Schieberle, 2009 ). Therefore, the further identification of these compounds has remained a challenge for the dry fermented sausage industry to determine the mechanism related to their generation and their effect on the final sensory quality of the products.
Several mechanisms are involved in the generation of sulphur compounds of dry fermented sausages. However, it is well known that sulphur containing amino acids (cysteine and methionine) together with thiamine, are precursors of these volatile sulphur compounds (Mottram, 1998) . Pork contains the highest thiamine content of any meat type (Mottram, 1991) , but the generation of large amounts of free amino acids produced during dry fermented sausage due to endogenous proteolytic activities (Toldrá, et al., 2001 ) may act as essential source of volatile compounds. The degradation of methionine and cysteine leads to the formation of methanethiol and hydrogen sulfide, respectively, which -owing to their high reactivity -generate other volatile sulphur compounds (Mottram, 1991) . On the other hand, volatile nitrogen compounds can be formed via Strecker degradation from a nitrogen source such as any amino acid produced (Meynier & Mottram, 1995) . Whilst enzymatic endogenous activity is predominant at the beginning of the ripening process, the microorganisms' metabolisms play a crucial role during the amino acid degradation to volatile compounds (Molly, Demeyer, Raemaekers, Ghistelinck & Geenen, 1997) . Thus, the relationship between the generation of free amino acids and volatile sulphur and nitrogen compounds can be useful to understand the mechanism of production of these compounds in dry fermented sausages.
Therefore, the aim of the present work was to identify the odour active volatile sulphur and nitrogen compounds produced during the ripening of dry fermented sausages. Furthermore, the generation of free amino acids was followed during processing in order to elucidate their contribution to the production of sulphur and nitrogen odour active compounds.
Material and methods

Dry fermented sausage processing
Dry fermented sausages were manufactured using lean pork (75 %), pork back fat (25 %) as well as the subsequently mentioned additives added in g/Kg to the sausage formulation: lactose (20); dextrin (20); sodium caseinate (20); glucose (7); sodium ascorbate (0.5); sodium nitrite (0.15); potassium nitrate (0.15) and starter culture (0.1) C-P-77-S bactoferm (Chr. Inc. Hansen,
Denmark) containing Lactobacillus pentosus and Staphylococcus carnosus.
The manufacturing process was described by Corral et al. (2013) . The meat mixture was stuffed into collagen casings of 9.5 cm diameter (FIBRAN, S.A., Girona, Spain) and the sausages were subjected to drying at an initial stage of 15-20 ºC and 75-85 % relative humidity (HR) for 24 h, followed by ripening at 9 ºC and 75-85 % HR for 66 days. In order to control the ripening process, weight losses and pH were measured during processing (Corral et al., 2013) .
Three sausages were randomly collected at 0, 15, 36 and 66 days to study the effect of ripening time on the formation of volatile sulphur and nitrogen compounds. Several sausage slices (1 cm thickness) were wrapped in aluminium foil, vacuum packaged and stored at -80 ºC for the analysis of the volatile compounds and free amino acids. In addition, the moisture of the sausage and the water activity were measured from the minced sausages as described by Corral et al. (2013) . All results were expressed as the mean of three replicates at each sampling time.
Isolation of volatiles by solvent assisted flavour evaporation (SAFE)
Dry fermented sausages (100 g) were cut into pieces, frozen with liquid nitrogen and powdered in a blender (Waring Laboratory, USA). 2-Methyl-3-heptanone (5.1 µg) (Sigma-Aldrich, Germany) was used as internal standard and added directly to the sausage powder. The powder was extracted three times with dichloromethane (1:2, w:v) (total volume 600 ml). After drying over anhydrous sodium sulphate, the volatiles were isolated using the solventassisted flavour evaporation (SAFE) technique (Engel et al, 1999) . The obtained extract was dried over anhydrous sodium sulphate and concentrated at 45 ºC to a final volume of 500 µl by distilling off the solvent by means of a Vigreux column under a stream of nitrogen. This procedure was performed in triplicate at each sampling time.
Analysis of volatile sulphur and nitrogen compounds
After the isolation of sulphur and nitrogen compounds from the fermented sausages, the SAFE extract was analysed by GC and multidimensional GC (MDGC) in combination with different detection systems (mass selective detector, flame photometric and nitrogen-phosphorous detectors). Different GC equipments were used and all of them were equipped with an autosampler CTC Combi Pal (CTC Analytics AG, Zwingen, Switzerland).
Separation of volatiles by GC-MS analysis
An Agilent 7890 GC coupled with a 5975 MS detector (Hewlett Packard, Palo Alto, CA) was used. The SAFE extract was injected into the injection port at 240 ºC using split injection (split ratio 10:1). For the separation of the volatiles, two different columns were used; a capillary column HP-5 (30 m length, 0.25 mm i.d., 1 µm film thickness) (Agilent Technologies, USA) used with helium as carrier gas at a 33 cm/sec. The GC oven temperature was -10 ºC for 1 min (cooling with liquid nitrogen), ramped to 240 ºC at 8 ºC/min and then to 280 ºC at 40 ºC/min. The MS interface temperature was set to 280 ºC. The second column used was a capillary column DB-624 (30 m length, 0.25 mm i.d., 1.4 µm film thickness) used with helium as carrier gas at a 34 cm/sec. The GC oven temperature was 38 ºC for 13 min, ramped to 100 ºC at 3 ºC/min and held at 100 ºC for 5 min, then to 150 ºC at 4 ºC/min and to 210 ºC at 5 ºC/min and finally, held at 210 ºC for 10 min. The MS interface temperature was set to 240 ºC. Mass spectra were obtained by electron impact ionisation at 70 eV, and data were acquired across the range 29-400 amu. Linear retention indices (LRI) of the volatile compounds were calculated using the series of n-alkanes (Aldrich, Germany) for both columns. Compounds were identified by comparison of the obtained mass spectra with mass spectra from the library databases (Nist'05 and '08), as well as by comparing the calculated linear retention indices (Kovats, 1965) with those from literature (http://www.flavornet.org/flavornet.html or http://webbook.nist.gov/chemistry) as well as from authentic reference compounds (thiazole, 2,4-dimethylthiazole, 2-acethylthiazole, benzothiazole, 3-methylthiophene, 2-methylpyrazine, 2-ethylpyrazine, methional, methionol, 2-ethylpyridine, dimethylsulfone (Sigma-Aldrich, Germany); 2-acetyl-1-pyrroline; 2-acetylpyrrole, 2,6-dimethylpyrazine, 2-methyl-3-furanthiol (Safc, USA); pyrrole (Fluka, Germany) and 2-acetyl-1-pyrroline (synthesised according to Deblander et al., 2015) .
Separation of sulphur volatiles by GC-FID-FPD
Volatile sulphur compounds in the SAFE extract were detected using a flame photometric detector (FPD) installed on an Agilent 6890 GC that was equipped with a simultaneously operating FID detector (Hewlett Packard, Palo Alto, CA). The SAFE extract was injected into the injection port at 220 ºC (split injection; split ratio 15:1) and helium was used as carrier gas at a constant flow rate of 26.3 cm/sec. The compounds were separated on a capillary column ZB-5 (30 m length, 0.25 mm i.d., 1 µm film thickness) (Phenomenex, Inc). The GC oven temperature was -10 ºC for 1 min (cooling the oven with liquid nitrogen), ramped to 280 ºC at 12 ºC/min and kept at 280 ºC for 3 minutes. FID and FPD temperatures were 280 ºC and 240 ºC, respectively. Linear retention indices of the eluted volatile compounds were calculated as indicated above.
Separation of sulphur volatiles by MDGC
The MDGC system from Shimadzu (Japan) QP-2010 consisted of two independent gas chromatographs interconnected by means of a Deans switch device (Valco Instruments, Houston, TX, USA). Chromatograph 1 (GC1) was equipped with a SPL-2010 (Plus) injection port, a Deans switching device and an FID detector. The SAFE extract was injected at 220 ºC (split injection; split ratio 5:1) and helium gas as carrier gas at a linear velocity of 16.8 cm/sec. The compounds were separated on a capillary column Optima 5 Accent ( The identification of sulphur compounds was performed by comparing the mass spectra to those from the library database (NIST) and confirmed by injection of the pure reference compounds analysed under the same experimental conditions.
Separation of nitrogen volatiles by GC-NPD-PID
Volatile nitrogen compounds from SAFE extract were detected using a nitrogen-phosphorous detector (NPD) installed on an Agilent 7890 GC also equipped with a photo ionization detector (PID) (SRI Instruments, California, USA). The SAFE extract was injected into the injection port at 250 ºC (split injection; split ratio 8:1) and helium was used as carrier gas at a flow rate of 17.69 cm/sec. The compounds were separated on a fused silica capillary column ZB-5 (30 m length, 0.25 mm i.d., 1 µm film thickness) (Phenomenex, Inc). The GC oven temperature was -10 ºC for 1 min (cooling the oven with liquid nitrogen), ramped to 240 ºC at 8 ºC/min and then to 280 ºC at 40 ºC/min. NPD and PID temperature was 200 ºC. Auxiliary temperature was 280 ºC.
Linear retention indices of the volatile compounds were calculated as indicated above.
Quantification of volatile sulphur and nitrogen compounds
The relative quantification of the identified volatile compounds was performed as described in the GC-MS section (see 2.3.1.). For most compounds, the quantification was performed in the SCAN mode using the extracted ion chromatogram (TIC or EIC) with the exception of 2-acetyl-1-pyrroline and 2-methyl-3-furanthiol which were relatively quantified in the SIM mode using the mass-to-charge ratio (m/z) area of the characteristic ions 43 and 111, respectively. The volatile compounds were relatively quantified by comparison to the internal standard (2-methyl-3-heptanone) and expressed as ng/g dry matter.
Sensory evaluation of sulphur and nitrogen compounds by gas chromatography olfactometry (GC-O)
The SAFE extracts were subjected to GC-olfactometry using a gas chromatograph (Agilent 6890, USA) equipped with a flame ionization detector (FID) and a sniffing port (ODP3, Gerstel, Mühlheim an der Ruhr, Germany) and a capillary column DB-624 (60 m, 0.32 mm i.d., film thickness 1.8 μm) (Olivares et al., 2011) . The aroma impact of volatile compounds was determined by means of aroma extract dilution analysis (AEDA) (Ulrich & Grosch, 1987) by dilution of the SAFE extract with dichloromethane. One microliter of each dilution was injected into the GC and analysed by four experienced assessors until no odours were detected. Flavour dilution factor (FD factor) was assigned to the highest dilution at which an odour active compound was detected. Aroma compounds were identified using the following techniques: comparison with mass spectra, comparison with LRI of authentic standards injected in the GC-MS and GC-FID-O, and by coincidence of the assessors's descriptors with those described in the Fenaroli's handbook of flavour ingredients (Burdock, 2002) .
Analysis of free amino acids
The content of free amino acids in the fermented sausages was determined according to Aristoy & Toldrá (1991) using norleucine (65.6 µg) as internal standard. Phenylthiocarbamyl amino acids derivatives were analysed by reversed-phase HPLC (1200 Series Agilent chromatograph; Agilent, Palo Alto, CA, USA) using a Waters Nova Pack C18 column (3.9 x 300mm) (Waters Corporation, Milford, USA) and ultraviolet detection (254nm) as described by 
Statistical analysis.
The effect of ripening time on the sulphur and nitrogen compounds and free amino acids content was performed by one factor ANOVA analysis using the statistic software XLSTAT (v 2009.4 .03, Addinsoft, Barcelona, Spain).
Fisher's test was used to evaluate differences among ripening times. A Pearson correlation procedure was performed to evaluate any relationship between the concentrations of sulphur and nitrogen containing volatiles and the free amino acids.
Results and discussion
The use of conventional 1-D GC-MS allowed the identification of only four volatile sulphur and nitrogen compounds in the SAFE extract of dry fermented sausages. However, the use of specific detectors, FPD and NPD, and two dimensional GC-MS increased the sensitivity to volatile sulphur and nitrogen compounds. Figure 1A gives an example of chromatograms showing the traces obtained by FPD and MDGC of a SAFE extract of the sausage.
Three signals were selected at LRI (HP-5) of 776, 908 and 981 LRI according to FPD signal. Therefore, three heart-cuts were transferred onto a second column (Fig. 1B) . The corresponding chromatograms obtained from the second dimension are shown in Fig. 1C, 1D, 1E . The sulphur compounds identified in each heart-cut were 3-methylthiophene, methional and methionol, respectively.
On the other hand, the identification of volatile nitrogen compounds was performed using an NPD detector and 1-D GC-MS leading to the identification of ten volatile nitrogen compounds (Table 1) .
A total of seventeen sulphur and nitrogen compounds were identified and confirmed with authentic standards except 2,3-dihydrothiophene which was identified according to its mass spectra by Nist'05 (Table 1 and Fig. 1 ). The identified volatile compounds were relatively quantified in course of the sausage ripening process at 0, 15, 36 and 66 days (Table 1) . Different chemical structures were identified: thiazoles (4), pyrroles (3), thiophenes (2), pyrazines (3), methionine derived compounds (2), thiols (1), pyridines (1), and others (1).
Thiazole, 2,4-dimethylthiazole, 2-acethylthiazole, 2-ethylpyrazine and 2-ethylpyridine have not been reported previously in dry fermented sausages (Corral et al., 2013; Gianelli et al., 2011; Söllner & Schieberle, 2009) . In general, all sulphur and nitrogen compounds showed an increase in concentration throughout the ripening process. At the same time, the measurement of free amino acids in the analysed sausages also showed an increase in concentration (Table 2) (Table 1) . Pyrrole, 2-ethylpyridine and 2-ethylpyrazine, have not been reported before as aroma active compounds in dry fermented sausages (Corral et al., 2013 (Corral et al., , 2015 Gianelli et al., 2011; Olivares et al., 2011; Söllner & Schierberle, 2009; Schmidt & Berger, 1998) . On the other hand, 3-methylthiophene and 2-methyl-3-furanthiol, previously reported as aroma active compounds in dry fermented sausages (Corral et al., 2013; Söllner & Schieberle, 2009) , did not show influence on the aroma indicating that in these products their concentrations were below their odour thresholds. In our experiments, 2-acetyl-1-pyrroline was the most potent odour active compound followed by methional, 2-ethylpyrazine and 2,3-dihydrothiophene and followed by pyrrole, 2-ethylpyridine, 2,6-dimethylpyrazine, 2-acetylpyrrole and benzothiazole (Table 1) Regarding odour active pyrrol compounds, pyrrole, 2-acetyl-1-pyrroline and 2-acetylpyrrole were relatively quantified. Their relative concentration increased throughout the process being significantly higher at the end of the process for pyrrole and 2-acetyl-1-pyrroline. These compounds have been previously described as being derived from amino acid pyrolysis (proline), reaction of ammonia with dicarbonyls derived from the breakdown of Amadori products or interaction of furfurals and ammonia (Mottram, 1991) . In the dry fermented process, they can be generated from microbial amino acid degradation (Stahnke, 2002) . 2-Acetyl-1-pyrroline is a potent odorant in meat products (Söllner & Schieberle, 2009) However, one study performed in a model system under mild conditions using low temperatures and low pH indicated the formation of these compounds especially in the presence of cysteine (Pripis-Nicolau et al., 2000) . Nevertheless, the addition of sodium nitrite and potassium nitrate to sausage formulation could act as source of volatile nitrogen compounds. As a result of their addition to the dry fermented sausage, several nitriles, nitro-alkanes or nitrates were reported previously (Stahnke, 1995 (Stahnke, , 2002 . Nevertheless, such compounds could not be detected in our study. In contrast, Thomas et al. (2013) reported that nitrite is not directly involved in the production of odorous compounds but in its absence the fatty acid oxidation is favoured masking the odour of sulphur compounds responsible for the typical aroma of nitrite cured meat products. For that reason, further studies should be carried out to control the processing factors that affect sulphur and nitrogen compounds generation and, as a consequence, the final sausage aroma.
Conclusion
The use of specific detectors (NPD and FPD) and two dimensional GC-MS revealed the generation of volatile sulphur and nitrogen compounds throughout the ripening process of dry sausages. Among the seventeen volatile compounds relatively quantified, 2-acetyl-1-pyrroline was the most potent odour active compound, followed by methional, 2-ethylpyrazine and 2,3-dihydrothiophene characterized by toasted, cooked potato, and nutty notes. The sausage environment, acid pH, low a w , high concentration of free amino acids and especially methionine, cysteine and, cystine and GSH as a source of cysteine, favoured the formation of sulphur compounds (methional and benzothiazole). In addition, the microbial degradation of ornithine produced 2-acetyl-1-pyrroline while glycine degradation generated 2-ethylpyrazine. 
